Implications of the diffuse deformation of the Indian Ocean lithosphere for slip partitioning of oblique plate convergence in Sumatra
Introduction
The Indonesian island of Sumatra (Figure 1 ) is widely recognized as a type of locality for slip partitioning of oblique plate convergence [Fitch, 1972; Jarrard, 1986] . Relative plate motion is accommodated by a combination of low-obliquity subduction along the Sunda megathrust and strike-slip faulting within the upper plate along the Sumatran Fault zone. These great fault systems are separated by an elongate and narrow crustal sliver, which in Sumatra consists of the entire region between the active volcanic arc and the subduction trench. However, while the Sumatran margin at first appears to be a relatively simple arrangement of three plates, slip vector azimuths for earthquake ruptures of the Sunda megathrust ( Figure 2 ) cannot be described by a single angular velocity vector [McCaffrey, 1991] and are therefore inconsistent with relative motion of a rigid fore arc and a rigid subducting slab [McKenzie and Parker, 1967] . Previous studies have resolved this inconsistency by inferring rapid, permanent deformation of the fore-arc crust [McCaffrey, 1991 [McCaffrey, , 1992 . In such models (Figure 2 ), trench-parallel stretching of the fore-arc sliver above a rigid oceanic plate explains the systematic change in megathrust slip vector azimuths and requires a strong northward increase of the slip rate of the Sumatran Fault .
However, a variety of observations also require long-lived and continuing deformation of the oceanic lithosphere offshore of Sumatra (Figure 1 ). These include predominantly strike-slip earthquakes within the oceanic lithosphere offshore of Sumatra and within the subducting slab [Fauzi et al., 1996; Abercrombie et al., 2003; Ishii et al., 2013; Hill et al., 2015] , the complex seafloor geology of the Wharton Basin [Gordon et al., 1990; Royer and Gordon, 1997; Deplus et al., 1998; Andrade and Rajendran, 2014] , and relative motion of Australia and India observed by space geodesy [Delescluse and Chamot-Rooke, 2007; DeMets et al., 2010] . A component of trench-parallel lithospheric shortening within the Wharton Basin, in combination with a rigid Sumatran fore arc, could also adequately explain the Sunda megathrust slip vector azimuths. In this case, we would expect the Sumatran Fault to exhibit a roughly uniform slip rate along its entire length.
The slip rate of the Sumatran Fault Zone is therefore a primary, and readily measurable, aspect of the slip partitioning system. Published and unpublished (but commonly cited) Late Quaternary geological slip rates for the Sumatran Fault ( Figure 3) show a systematic increase from south to north Bellier and Sébrier, 1995; Detourbet et al., 1993; Sieh et al., 1991] , and geodetic studies of the decadal velocity field appear to agree with this assessment . This agreement between geological and geodetic results has resulted in widespread acceptance of the fore-arc stretching model.
In this study, we present updated geological slip rates for the Sumatran Fault and new GPS velocities from the Sumatra GPS Array (SuGAr). We evaluate the character of slip partitioning using a kinematic block model and a local force balance analysis that are both designed to incorporate the internal deformation of the Wharton Basin. Based on these models, we propose that all of the available kinematic data are best explained by a rigid fore-arc sliver overlying a heterogeneously coupled Sunda megathrust. The sliver plate moves relative to Sunda at a rate that is consistent with reliable geological slip rate estimates for the Sumatran Fault.
Existing Sumatran Fault Slip Rates
Due to dense vegetative cover and inaccessibility, few geological slip rate estimates have been published for the Sumatran Fault. While the available results exert an outsized influence on our understanding of the tectonics of the Sumatran margin, they are commonly cited without consideration of their relative reliability [Ito Figure 1 . Diffuse seismicity within the oceanic lithosphere of the Wharton Basin and the subducted slab beneath Sumatra. Seismicity of the Sunda megathrust and Sumatran Fault are not shown. Intraplate deformation within the subducted oceanic slab beneath the Sumatran fore arc is evidenced by deep strike-slip earthquakes (red). The approximate spatial distribution of offshore deformation is indicated by dashed lines representing contours of the second invariant of the strain rate tensor (×10 À16 s À1 ) from a regional model of diffuse deformation [Gordon and Houseman, 2015] . Australia-Sunda (AU-SU) and India-Sunda (IN-SU) plate motions are from MORVEL [DeMets et al., 2010] ; motion of the fore arc relative to Sunda is schematic. 2016JB013549 et al., 2012 Ishii et al., 2013] . In order to clarify the assumptions and observations that underlie the available slip rates for the Sumatran Fault, we here offer a critical evaluation of all commonly cited slip rates from north to south (Figure 3) , with focus on documenting the proposed offsets and age constraints for each slip rate estimate. Bennett et al. [1981] documented the basic geological setting of the Sumatran Fault in Aceh province (northern Sumatra) and indicated several locations where long-term slip rates could theoretically be measured. However, this study did not include a proposed slip rate. The 38 AE 4 mm/yr slip rate for which this study is commonly cited [Ito et al., 2012] was inferred by Genrich et al. [2000] for the purpose of comparison Figure 2 . (a) Slip vector azimuths of earthquakes that resulted from rupture of the Sunda megathrust or (more rarely) reverse faults within the fore-arc crust and accretionary wedge, selected from the Global Centroid Moment Tensor catalog [Ekström et al., 2012] . There is a smooth variation from nearly north-south underthrusting beneath West Java to northeast-southwest underthrusting beneath North Sumatra, which cannot be explained by a single angular velocity vector describing relative motion of the fore-arc sliver and the subducting slab. IN-SU: MORVEL India-Sunda plate convergence [DeMets et al., 2010] . AU-SU: MORVEL Australia-Sunda plate convergence. Hybrid model: a nonplate model that smoothly transitions from AU-SU to IN-SU convergence between 4°N and 4°S. (b) Components of plate convergence velocity (relative to Sunda) in a simply partitioned system and their estimation from focal mechanisms [McCaffrey, 1992] . The strike-slip fault parallels the strike of the obliquely slipping megathrust. V S : predicted slip rate of the strike-slip fault; V M : strike-parallel component of convergence velocity accommodated by oblique slip on the megathrust; V E : velocity of underthrusting beneath the fore arc. V N : marginnormal convergence velocity. γ: convergence obliquity between the subducting slab and the stationary upper plate. δ: angle between the plate convergence direction and the direction of underthrusting beneath the fore arc. Ψ: obliquity of underthrusting of the oceanic slab beneath the fore arc. (c) Map view of a simplified slip partitioning system in Sumatra, in which oblique plate convergence is distributed onto two plate boundary faults. Representative velocity vectors are relative to a stationary Sunda block (pinned). Vector colors are the same as in Figure 2b .
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with geodetic results but was not proposed to be a reliable slip rate and should therefore not be cited as an actual estimate. The AGNeSS GPS array measured right-lateral elastic strain accumulation rates of 16 AE 6 mm/yr across the Aceh segment and 20 AE 6 mm/yr across the parallel Aceh and Seulimeum segments between 2005 and 2010 [Ito et al., 2012] .
Slip rates for several segments of the Sumatran Fault are commonly cited from meeting abstracts [Sieh et al., 1991 [Sieh et al., , 1994 . Based on measured deflections of the river systems discussed in section 3, these authors proposed a slip rate of 10-11 mm/yr for the Sianok segment near Bukittinggi (0.2°S) [see also Yeats et al., 1997] and 27-28 mm/yr for the Renun segment at Toba (2.3°N). The latter value is similar to a slip rate of 23 AE 3 mm/yr at 2.3°N that is also based on deflection of river channels incised into the Young Toba Tuff [Detourbet et al., 1993] . Each of these studies relied on small-scale topographic maps or SPOT satellite imagery The slip rate data appear to show a northward increase from 5 mm/ yr in South Sumatra to >30 mm/yr in North Sumatra. We suggest that rates marked with an asterisk are unreliable; these are discussed in the main text. Rates marked with a cross were not available to earlier studies. The dashed line schematically indicates the northward increase in Sumatran Fault slip rates. (c) A northward increase in the slip rate of the Sumatran Fault [e.g., McCaffrey, 1991] explains the Sunda megathrust slip vector azimuth variation and requires stretching of the fore arc between the Sunda megathrust and the Sumatran Fault. Plate convergence velocities are derived from the MORVEL Australia-Sunda angular velocity. Velocity components of sites located on the fore-arc sliver (colored vectors are defined in Figure 2 ) are shown schematically.
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that were of insufficient resolution to distinguish between actual channel offsets and channel deflections within 500 m of the fault trace, and no detailed offset maps have been presented to date. In the following sections of this paper, we will revise the slip rate estimates for Toba and Maninjau using updated mapped offsets and more recent chronometric constraints.
A geological slip rate of 7-14 mm/yr is available for the Toru segment (1.6°N) of the Sumatran Fault where it traverses the Sibuabuali volcano [Hickman et al., 2004] . This slip rate is based on a mapped lateral offset of a dacite dome dated by incremental heating 40 Ar/ 39 Ar to 270 AE 3 ka, with the primary source of slip rate uncertainty being the mapped lateral offset. At this latitude, the northern section of the Angkola segment also traverses the western side of 0.7-0.3 Ma Sibualbuali volcanic edifice, parallel to the Toru segment. The total slip rate of the Sumatran Fault System at this latitude could be greater than the reliably constrained minimum slip rate of 7-14 mm/yr.
The Musi segment at 3.5°S exhibits systematic right-lateral deflections of volcanic lava flows that could be used to constrain the Late Pleistocene or Holocene slip rate; however, no maps of geomorphic offsets or age control have been presented, and the available 10 mm/yr slip rate estimate [Sieh et al., 1994 ] cannot be cited as a definitive estimate.
The slip rate of the Sumatran Fault has also been constrained in areas where multiple river channels exhibit differing apparent lateral offsets, based on an assumed linear relationship between channel length and channel age [Bellier and Sébrier, 1994] . In this study, the relationship between channel length and age was calibrated using observations from offset channel lengths at Toba, assuming the 23 AE 2 mm/yr slip rate of Detourbet et al. [1993] . This approach yields estimated slip rates of 17 AE 6 mm/yr at 1°N (the Angkola segment) and 11 AE 5 mm/yr at 3-4°S (the Musi segment). However, the assumption that channels incised into young volcanic units grow in length at a constant rate is clearly violated along the Sianok and Renun segments, where isochronous channels of many lengths occur. Channel age is tied to the eruption age of the substrate, channel lengths are mostly controlled by the spatial arrangement of preeruption drainage divides, and rates of incision and headward erosion are known to decline rapidly in posteruption landscapes as landscapes quickly readjust [Manville et al., 2009] . We suggest that these slip rates be considered speculative until direct age control for the offset channels is achieved.
A 6 AE 4 mm/yr slip rate for the Kumering segment in southern Sumatra is based on an apparent separation of an interpreted tectonic lineament mapped on SPOT imagery [Bellier et al., 1991] . This rate was later revised to 5.5 AE 1.9 mm/yr based on a 40 KÀ 40 Ar age of 0.55 AE 0.15 Ma (2 SD, N = 4) for a single sample of tuff attributed to the youngest paroxysmal eruption of the Ranau Caldera, and proposed posteruption rightlateral geomorphic offsets of~2.5 km [Bellier et al., 1999] . The Ranau Tuff has a fresh geomorphic appearance and is not buried by later eruptive units, and the lateral geomorphic offsets proposed by Bellier et al. [1999] are not clearly supported by modern satellite imagery, we suggest that this slip rate estimate is also unreliable.
With the exception of the minimum slip rate estimate of Hickman et al. [2004] , the published or commonly cited geological slip rates for the Sumatran Fault are not based on accurate dating of adequately mapped geological or geomorphic offsets (Figures 3b and 3c) . No firm conclusions about the average fault slip rate or the along-strike-slip rate variation of the Sumatran Fault can be drawn from these data. We have therefore revisited several key localities where slip rates can be readily estimated from systematic offsets of channels incised into young caldera outflow sheets.
Revised Sumatran Fault Slip Rates From Offset Caldera Tuffs
The time-averaged slip rate of the Sumatran Fault is best recorded by lateral offsets of multiple isochronous river channels incised into young caldera tuffs, in areas where the Sumatran Fault has only one main active trace. We mapped deflected river channels and ridge crests along the Sianok and Renun segments of the Sumatran Fault using ASTER GDEM (30 m), TerraSAR World30 (30 m), and SRTM (30 m) topographic data combined with high-resolution satellite imagery taken at low off-nadir angles (QuickBird and WorldView-2 at 0.5 m resolution) and field observations. Where it traverses young nonwelded tuffs, the Sumatran Fault is typically expressed as a 50-500 m wide zone marked by isolated raised hills or a fault-parallel river valley. Due to ongoing channel widening, primarily by landslides, and fault-related deformation and erosion within [Ninkovich et al., 1978; Chesner et al., 1991] . More recent high-precision 40 Ar/
39
Ar single-grain laser fusion ages range between 72.7 AE 8.2 ka and 74.2 AE 1.8 ka [Mark et al., 2014; Storey et al., 2012] . We adopt an eruption age of 73.88 AE 0.64 ka that is based on single-grain fusion dating of sanidine separated from a distal Young Toba 
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Tuff ash bed in Malaysia [Storey et al., 2012] as the age of eruption of the Young Toba Tuff and widespread resetting of the geomorphic landscape in the vicinity of the caldera.
Prior to eruption of the Young Toba Tuff, the landscape of the southern Renun segment was characterized by a mountainous upland separated from a broad valley by the linear trace of the Sumatran Fault. The Young Toba Tuff blanketed the region with over 100 m of tephra, filling the fault-bounded valley and capping the surrounding mountain ranges. River channels between 10 and 100 m deep were subsequently incised into the uppermost, nonwelded part of the tuff, across, and in most cases at high angle to the trace of the Sumatran Fault. We identify 14 river channels that originate in the western highland area and exhibit right-stepping lateral deflections where they cross the trace of the Sumatran Fault (Figure 4a ). Of these, we select five channels as being the most representative of the total displacement due to their larger drainage areas and relatively deep incision into the Young Toba Tuff. At one site, the Silang River is offset dextrally before flowing into the Toba caldera lake. At four other sites, tributary channels of the southeastflowing Doras River cross the Sumatran Fault at high angle and are dextrally offset. Notably, restoration of any offset greater than 1 km yields untenable reconstructions for the most deeply incised channels. The average of the five channel offsets is 1043 AE 36 m, yielding a posteruption right-lateral slip rate of 14.1 AE 0.5 mm/yr that is significantly lower than previous estimates [Sieh et al., 1991; 1994; Detourbet et al., 1993] .
Slip Rate of the Sianok Segment at Maninjau (0.2°S)
The Sianok segment of the Sumatran Fault traverses the Bukittinggi Tuff (Figure 4b ), which was erupted during formation of the Maninjau caldera and subsequently incised by the Sianok and Palupuh rivers [Sieh and Natawidjaja, 2000] . The Bukittinggi Tuff has been dated by a combination of 14 C and glass fission track techniques [Alloway et al., 2004; Ascough et al., 2009] . While the inferred age of 51-52 ka lies outside of the typical range of applicability of either technique, it is unlikely that the tuff is much younger than the stated estimate and that the resulting Sumatran Fault slip rate is significantly underestimated. We adopt an eruption age of 51.1 AE 0.9 ka, calculated as a nonweighted mean of the 14 C and GFT ages [Alloway et al., 2004; Ascough et al., 2009] .
The Palupuh River crosses the fault trace and joins the Sianok River near the western contact between the Bukittinggi Tuff and older rock units. East of the Maninjau caldera, the sinuous Sianok River crosses the Sumatran Fault at high angle (55-80°) at five separate locations. The lack of an apparent upstream decrease in the magnitude of channel deflections of the Sianok River indicates that incision and headward erosion were too fast to capture significant slip accumulation on the fault, counter to a steady channel growth model [Bellier and Sébrier, 1994] . The slip rate calculated from eight geomorphic offsets is 14.5 AE 0.5 mm/yr, somewhat faster than previous estimates.
Timing of Posteruption Incision of Tuffs in Sumatra
We calculate the long-term fault slip rates at Maninjau and Toba under the assumption that significant incision and establishment of river channel geometries across the fault occurred very soon after eruption. Notably, significantly delayed incision would result in faster long-term slip rates. The combination of steep initial surface slope, easily eroded nonwelded tuffs lacking the modern thick soil and vegetative cover, and high discharge rate due to the tropical environment, suggest that incision rates would have been very high. Observations of historical and geologically recent (<10,000 ka) eruptions that emplaced thick, nonwelded tuff units show that landscape adjustment from the smooth and hydrologically deranged surface of the ejecta blanket into an incised, dendritic, or parallel fluvial network occurs within years to decades of eruption [Manville et al., 2009] . It is therefore likely that the first few meters of incision that established the basic geometry of the subsequently offset channels at Maninjau and Toba occurred very soon after eruption.
Updated GPS Velocity Field for Sumatra
GPS velocities of sites located on mainland Sumatra and the fore-arc islands ( GPS Array (SuGAr) that extend the spatial and temporal coverage of strain accumulation in the fore arc. Stations in this array were installed as early as 1998 and have operated for as long as 13 years, although most stations were installed following the great earthquake of 2004. The details of GPS processing and analysis of SuGAr data [Feng et al., 2015] are only briefly summarized here. Notably, in order to recover the most reliable long-term site velocities, many nontectonic physical effects are modeled in the GPS processing [Feng et al., 2015] . The remaining signals included large seasonal and earthquake-related effects that are further removed in the postprocessing. We first process the RINEX data using GIPSY-OASIS version 6.2. The resulting daily position time series are represented in the International Terrestrial Reference Frame 2008 (ITRF2008) and are transferred to the Sunda plate reference frame using the Sunda-ITRF2008 angular rotation [Altamimi et al., 2012] . Most SuGAr time series are affected by coseismic and postseismic transient deformation resulting from a series of moderate to great earthquakes that began with the 2004 M w 9.2 Sumatran-Andaman earthquake. We remove from the time series coseismic offsets from 30 earthquakes with M w ≥ 5.9 and postseismic decays from 10 earthquakes with M w ≥ 6.7 [Feng et al., 2015] , resulting in final estimates for long-term site velocities (Table 1) . These velocities represent our best estimation of long-term deformation least affected by transients associated with earthquakes. Eight stations installed since late 2010 are strongly affected by earthquake signals. We report the current best estimate of the long-term velocity of these sites but consider them to be highly unreliable, as indicated by their large trenchward velocity component (Table 2) . We exclude three site velocities located on the Mentawai fore-arc islands (2-3°S) from our subsequent kinematic modeling due to unresolved but significant discrepancies with nearby campaign or continuous site velocities. These sites would exert little influence on model results due to the high density of sites in this area. For most sites, the long-term velocities depend strongly on rates before the 2004, 2005, and 2007 great Sumatran earthquakes and are similar in magnitude and azimuth to interseismic campaign mode measurements that largely predate the 2004 event [Prawirodirdjo et al., 2010] .
Slip Partitioning Viewed as a Local Frictional Balance
Slip partitioning can be envisioned as resulting from a local frictional balance between the megathrust and the upper plate strike-slip fault, under a given plate convergence model with a rigid subducting plate We exclude seven site velocities due to unexplained inconsistencies with multiple nearby sites, either due to unresolved local effects or different epochs of observation. Continuous GPS site velocities are from the SuGAr network as reported in this study (Table 1) . We exclude six recently installed sites due to large trenchward velocity components that cannot reflect long-term strain accumulation from frictional locking of the megathrust. We also exclude three sites in the Mentawai island region that show anomalously large trench-parallel velocities that are at odds with nearby site velocities. Plotted uncertainty ellipses for the SuGAr cGPS velocities reflect the weighting applied in our block model and are significantly larger than the analytical uncertainties.
Journal of Geophysical Research: Solid Earth
10.1002/2016JB013549 [McCaffrey, 1991 [McCaffrey, , 1994 . In this case, any along-strike variation of the inferred slip rate of the strike-slip fault would require internal deformation of the fore-arc sliver. In order to adequately explore the possible plate convergence scenarios, we estimate the slip rate of the Sumatran Fault for three models: one assuming MORVEL AU-SU convergence, one assuming MORVEL IN-SU convergence, and one assuming a hybrid et al., 2010] . For the hybrid model, we assume that India-Sunda convergence occurs offshore of northernmost Sumatra and Australia-Sunda convergence occurs offshore of west Java. The plate convergence vector in the intervening areas is determined by a smooth interpolation between the IndiaSunda and Australia-Sunda convergence vectors (Figure 2a) . We selected 702 earthquakes from the GCMT catalog [Ekström et al., 2012] that are consistent with rupture of the Sunda megathrust or similarly striking thrust faults within the upper plate (thrust fault mechanisms with 60°< P1 nodal plane rake < 130°, P1 nodal plane dip < 50°, and depth < 100 km). For each event, we decompose the plate convergence velocity vector resolved at the epicentral location into the expected slip rates of faults in a simply partitioned system, using the strike of the Sunda megathrust as a proxy for the strike of the Sumatran Fault [McCaffrey, 1991] .
The velocity components of this simple slip partitioning scheme (V S , V M , and V E ) are shown in Figure 6 . The Australia-Sunda convergence model replicates thenorthward slip rate increase of over 30 mm/yr inferred by earlier studies [McCaffrey, 1991] . The India-Sunda convergence model predicts a lower slip rate in South Sumatra and a smaller northward increase in slip rate, attaining a maximum rate of~15 mm/yr in northern Sumatra. The hybrid model predicts a more uniform slip rate of 16.4 AE 4.8 mm/yr (average of binned median values) along the entire Sumatran Fault between 6°S and 4°N. The initiation of the Sumatran Fault within the Sunda Strait pull apart is clearly visible for all plate convergence models as a dramatic change in V S at around 7°S.
The trench-parallel component of velocity due to oblique slip on the Sunda megathrust (V M ) is not very sensitive to the different plate convergence models, as it mainly depends on the angle between the megathrust dip direction and the underthrusting direction (Ψ in Figure 2b ) and therefore only changes a small amount when different plate convergence vectors are used. In contrast, the component of convergence velocity in the direction of earthquake slip vector azimuths (V E ), which is most relevant to the accumulation of strain due to frictional coupling of the megathrust, is highly sensitive to the plate convergence model. The hybrid convergence model integrates two important features of the India-Sunda and Australia-Sunda models: a uniform V E of~40 mm/yr north of the equator (from the IN-SU model), and a large gradient in V E south of the equator (from the AU-SU model).
GPS Velocity Constraints on the Sumatran Fault Slip Rate
Early GPS studies of crustal deformation in Sumatra noted a significant northward increase in trench-parallel GPS velocity for fore-arc sites, interpreted as a signal of fore-arc stretching [Prawirodirdjo et al., 1997] . Elastic half-space models [Savage and Burford, 1973] of the trench-parallel component of fore-arc GPS velocity indicated a slip rate of~30 mm/yr for the Sumatran Fault at the latitude of Toba (2.2°N) [Prawirodirdjo et al., 1997] . Similar slip rates of 22-26 mm/yr for the Sumatran Fault between 2°S and 4°N resulted from a similar modeling approach applied to updated campaign GPS data . These high slip rates appeared to be consistent with a northward increase in the Sumatran Fault slip rate, based on comparison with lower geological slip rates near the equator. Notably, these studies examined only the trench-parallel component of GPS velocity relative to Sunda as a measure of the Sumatran Fault slip rate. However, this velocity component is sensitive to both the strike-slip fault and the frictionally coupled Sunda megathrust, due to the obliquity of underthrusting beneath the fore arc. The long-term or interseismic GPS velocity of a site located on a fore-arc island is essentially the sum of near-field velocity arising from oblique elastic loading of the underlying Sunda megathrust, and far-field velocity due to elastic loading or slip on the Sumatran Fault. For sites located on the Sumatran mainland, the component of long-term trench-parallel GPS motion relative to Sunda is largely due to the Sumatran Fault, because the area of strong frictional locking of the Sunda megathrust lies well offshore.
The component of trench-parallel velocity for GPS sites located on the mainland (W S ) should therefore not greatly exceed the slip rate of the nearby segments of the Sumatran Fault (Figure 7a ). Sites located relatively far west of the fault trace (>30-50 km) should integrate much of the strain or slip that is accumulated on the Sumatran Fault System, and for these sites the GPS velocity should reflect the full effects of the Sumatran Fault as well as the local oblique frictional coupling of the Sunda megathrust (Figure 7b ). For these sites, the GPS velocity perpendicular to the local megathrust earthquake slip vector azimuth (W EQ ; calculated using the average megathrust slip vector azimuth within a 100 km radius of each site) is the full velocity component that cannot be directly attributed to megathrust coupling and is therefore a crude estimate of the slip rate of the upper plate strike-slip fault system (Figure 7a ).
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The component of GPS velocities for fore-arc island sites that is orthogonal to the local megathrust earthquake slip vector azimuth (W EQ ) varies between 10 and 20 mm/yr and clusters around 15 mm/yr (Figure 7c ). Sites located south of 1°S do not exceed 16 mm/yr, while sites located north of 1°S exhibit somewhat higher W EQ . Critically, two sites at Enggano exhibit very little trench-orthogonal velocity but W EQ is between 15 and 17 mm/yr (notably, GPS measurements indicate subsidence and therefore some amount of megathrust coupling is likely). This strongly indicates that the Sumatran Fault slip rate is at least 15 mm/yr as far south as 5.5°S. The W E velocities do not require significant trench-parallel elongation and are broadly consistent with a uniform Sumatran Fault slip rate along the entire Sumatran margin.
The fault-parallel GPS velocities for mainland sites (W S ) approach but do not greatly exceed 15 mm/yr, even for the most southerly sites located between 4°and 6°S (Figure 7d ). For these southern sites, the component of GPS velocity orthogonal to the Sumatran Fault is small, indicating the absence of an effect on trench-perpendicular Figure 6 . The latitudinal variation of partitioned components of plate convergence velocity for the Sumatran plate margin, calculated from Global Centroid Moment Tensor (GCMT) focal mechanisms for Sunda megathrust ruptures [Ekström et al., 2012] . Earthquake symbols are scaled by moment magnitude. The velocity components V S , V M , and V E are defined in Figure 2 . In contrast with India-Sunda or Australia-Sunda convergence models, which predict a strong latitudinal variation in the strike-slip fault slip rate (V S ), the hybrid model predicts a uniform slip rate of~15 mm/yr. The vertical dashed line in the V S panels marks the location of the Sunda Strait, where the Sumatran Fault deviates southward toward the trench.
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velocity from subduction zone coupling (although continued subsidence at Enggano does indicate frictional coupling). The sites with velocities of~0 mm/yr are located on Sunda far from the Sumatran Fault. The SuGAr GPS sites are mostly located along the coastline, between 24 and 66 km (average of 40 km) from the trace of the Sumatran Fault and should therefore capture much of the strain accumulated by that structure. Because the W S velocities approach but do not significantly exceed~15 mm/yr from southernmost to northernmost Sumatra, we conclude that the slip rate of the Sumatran Fault System is not much higher than~15-16 mm/yr.
Kinematic Block Model of Slip Partitioning
We evaluate the relationship between relative motion within the Wharton Basin, the newly revised geological slip rates of the Sumatran Fault, and coupling on the megathrust using a heterogeneously coupled elastic block model implemented in DEFNODE [McCaffrey, 2002] . This model is similar in most aspects to previously published models of Sumatra using the same code and modeling approach [McCaffrey, 2002; Prawirodirdjo et al., 2010] . The Sumatran Fault is described by 28 nodes at depths of 0 km, 15 km, and 20 km, approximating the main Sumatran Fault segments and their offshore extensions in the Sunda Strait and the southern Andaman Sea. The coupling on the Sumatran Fault is allowed to vary laterally, with the nodes at 0 and 15 km depth at a given location being constrained to have the same value of the locking coefficient ϕ (locked fault slip divided by total slip) in the inversion, and nodes at 20 km depth being set to ϕ = 0 (uncoupled). The Sunda megathrust is described using six node depths (5, 13, 25, 50, 75 , and 100 km), with the 100 km depth nodes placed beneath the Sumatran Fault (nearly equivalent to the magmatic arc) and set to ϕ = 0, the 5 km depth nodes placed at the trench, and the intermediate nodes placed at positions that approximate the 
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location of the megathrust. This megathrust geometry is similar to previous studies [Prawirodirdjo et al., 2010] ; however, we took care to ensure that the strike of the megathrust locally agrees with the average strike of the nodal planes of the megathrust earthquakes used in this study. We simulate distributed lithospheric deformation within the Wharton Basin by subdividing the slab into three rigid blocks separated by freely slipping vertical strike-slip faults (ϕ = 0 for all nodes) that approximately follow small circle paths centered on the MORVEL AU-SU and IN-SU poles of relative rotation, thereby minimizing across-fault motion. These faults intersect the megathrust and extend to 100 km depth, but do not cut the fore-arc block. The degree of localized deformation within the subducting slab is limited by constraining slip rates on these hypothetical faults to be less than 7 mm/yr, preventing artificially large steps in the velocity of subduction along the trench. It is important to note that the relative motion of the oceanic blocks is only well defined in the areas where they extend beneath the fore arc and slip vector data are available and that the model is not sensitive to the location or orientation of the hypothetical faults separating the blocks within the Wharton Basin. We simultaneously estimate the angular velocities of the three oceanic blocks and the fore-arc sliver block relative to Sunda (Table 2) , as well as the laterally variable coupling of the upper 15 km of the Sumatran Fault and the spatially heterogeneous coupling of the Sunda megathrust.
We constrain the kinematic block model GPS site velocities, Sunda megathrust earthquake slip vector azimuths derived from Global Centroid Moment Tensor solutions [Ekström et al., 2012] , and Sumatran Fault strikes for segments that show geomorphic and seismic evidence for purely strike-slip offset [Sieh and Natawidjaja, 2000] . We also include two GPS velocities for the Christmas and Cocos islands relative to Sunda [Hanifa et al., 2014] that constrain the overall plate convergence offshore of Java. While coral uplift data can significantly improve the constraints on the detailed pattern of megathrust coupling over the 50 years prior to the great 2004 earthquake [Philibosian et al., 2014] , our tests indicate that the inferred block motions are not sensitive to these data. In an effort to match the epochs of the observational data as closely as possible, we elect to not include the coral uplift data in the model.
In order to test whether our approach is biased by long-lasting effects of the cascade of great earthquakes that have occurred on the Sunda megathrust since 2004, we implemented two models that incorporate different GPS velocity data. One model utilizes the new SuGAr long-term GPS velocities (Table 1) , while the second utilizes the available campaign mode GPS velocities [Prawirodirdjo et al., 2010] . The analytical uncertainties of all data were multiplied by weight factors designed to achieve even weighting in the inversion while respecting the magnitude of observed variation within each data set. The GCMT slip vector azimuths and Sumatran Fault strike directions are assigned an uncertainty of 5°. We exclude sites from the SuGAr network with short observation periods that exhibit strong trenchward motion and are unlikely to represent long-term strain accumulation or show anomalous velocities compared to velocity trends from nearby sites ( Table 2) . We multiply the estimated uncertainties of the SuGAr site velocities by a factor of 14 and the site velocities of the Christmas and Cocos Islands [Hanifa et al., 2014] by a factor of 8, reflecting the fact that the stated uncertainties of the continuous GPS velocities are very small compared to the between-site velocity variation and the uncertainties of the campaign GPS data.
We observe good agreement between the two models, reflecting the general similarity of the continuous GPS velocity field with earlier campaign GPS velocities. The pattern of long-term strain accumulation in the Sumatran fore arc is explained well by rigid block rotation and heterogeneous frictional coupling on the Sunda megathrust and Sumatran Fault (Figure 8) . Like previous studies, we infer strong coupling of the Sunda megathrust beneath most fore-arc islands, weak coupling beneath the Batu Islands, and very weak coupling south of 4°S [Chlieh et al., 2008; Prawirodirdjo et al., 2010] . In contrast with previous models that assumed a rigid oceanic plate, we attain a good fit to megathrust slip vector azimuths along the entire Sumatran margin. The plate convergence velocity fields of the northern and southern oceanic blocks with respect to Sunda are similar to the fields derived from MORVEL Australia-Sunda and India-Sunda angular velocities [DeMets et al., 2010] , and the inferred rate of trench-parallel shortening of the Wharton Basin oceanic lithosphere over the entire Sumatran margin is consistent with the observed relative motion of GPS sites located in India and Australia [Delescluse and Chamot-Rooke, 2007] . The models therefore sufficiently account for the overall amount of internal deformation of the Wharton Basin lithosphere, if not its detailed distribution.
The poles of rotation describing relative plate motion for the five-block model constrained by SuGAr GPS data are presented in Table 3 . While these pole locations are not tightly constrained due to the narrow aperture of
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slip vector data defining the relative motion of each block, the general consistency with MORVEL AustraliaSunda and India-Sunda plate motion (Figure 9) indicates that the block model adequately encompasses the broad deformation across the Wharton Basin due to India-Australia convergence. The pole of rotation of the sliver block relative to Sunda is located within the South China Sea, in contrast with a pole position located offshore of South Africa that was estimated solely from the geometry of the Sumatran Fault [Chlieh et al., 2008] . . Kinematic block models of slip partitioning in Sumatra that simulate internal deformation of the Wharton Basin lithosphere using three independent oceanic blocks separated by uncoupled (freely slipping) vertical faults. The three oceanic blocks extend beneath the single fore-arc block. Data are adequately explained by heterogeneous coupling on the Sunda megathrust beneath a rigid fore-arc block that is separated from Sunda by the Sumatran Fault that slips at an average rate of 15-16 mm/yr. GPS profiles A-A 0 , B-B 0 , and C-C 0 are plotted in Figure 10 . (a) Block model using campaign GPS of Prawirodirdjo et al. [2010] . (b) Block model using SuGAr continuous GPS presented in this paper. (c) The piecewise fit of megathrust slip vector azimuths from the block model improves on the significant misfits of the Australia-Sunda and India-Sunda plate motion models.
Journal of Geophysical Research: Solid Earth
10.1002/2016JB013549
Notably, our new pole position is consistent with margin-parallel transport of a long, curved sliver plate stretching from West Java to southern Myanmar, while the rotation pole of Chlieh et al. [2008] would require breakup of the sliver plate in North Sumatra.
For both the SuGAr and campaign GPS models, the estimated slip rate for purely strike-slip segments of the Sumatran Fault varies between 14 and 16 mm/yr, with locally lower rates that coincide with restraining or releasing bends where significant across-fault motion is expected. This result agrees with a previous slip rate estimate for central Sumatra of~14 mm/yr [McCaffrey, 2002] , which was difficult to reconcile with the geological and geodetic slip rates then available. Earlier geodetic studies that inferred between 21 and 30 mm/yr Sumatran Fault slip rates in North Sumatra [Prawirodirdjo et al., 1997; Genrich et al., 2000] appear to have significantly underestimated the degree of trench-parallel motion of the fore-arc islands arising from oblique loading of the Sunda megathrust. These studies assumed that the trench-parallel component of GPS motion was dominated by the effect of the Sumatran Fault and estimated the slip rate of the Sumatran Fault by fitting the trenchparallel component of GPS velocity profiles crossing the entire fore arc to a single strike-slip fault (Figure 10) . The inferred slip rates coincidentally matched the high geological slip rates then available for the Renun segment [Sieh and Natawidjaja, 2000; Detourbet et al., 1993] , which we have revised downward in this study.
Discussion
Kinematics of Slip Partitioning
The transition from Australia-Sunda to India-Sunda convergence along the Sumatran margin due to internal deformation of the Wharton Basin oceanic lithosphere results in a northward decrease in total plate convergence velocity from 65 to 45 mm/yr, an eastward rotation by 15°of the convergence vector relative to Sunda, and a nearly uniform obliquity of underthrusting beneath the fore arc of 20°. Despite the strong curvature of Figure 9 . Poles of relative rotation for the plate convergence models discussed in this study. (a) Comparison of poles inferred by the five-block model with MORVEL poles [DeMets et al., 2010] and a pole describing the motion of the fore arc relative to Sunda (sliver-Sunda) from Chlieh et al. [2008] . Model rotation poles are for the five-block model constrained by SuGAr GPS data. (b) A sliver-Sunda pole of rotation located in the Philippine Sea is compatible with transport of a long fore-arc block along the curved Sumatran margin. the margin, the resulting plate motion vector field neither strongly converges nor diverges beneath the Sumatran fore arc, allowing effectively rigid translation of the mobile fore-arc block relative to Sunda [McCaffrey, 1992; Platt, 2000] .
The observed 15 mm/yr geological and geodetic slip rates of the Sumatran Fault ( Figure 11 ) are consistent with both the regional block model (which assumes a rigid fore-arc block) and the local frictional balance model (which allows the fore arc to deform internally). The close agreement between geological slip rates and the slip rates estimated from these models indicates that the full budget of oblique convergence along the Sumatran margin is accommodated by oblique slip on the Sunda megathrust and strike-slip motion of the Sumatran Fault Zone. Studies of the frictional coupling on the megathrust that incorrectly account for this fore-arc motion (e.g., the 23 mm/yr Sumatran fault slip rate assumed by Chlieh et al. [2008] ) will exhibit a systematic bias in the strength of coupling due to the direct trade-off between the trench-parallel velocity of the fore-arc sliver and the strength of coupling inferred from GPS velocities.
Slip partitioning controls the obliquity of underthrusting beneath the fore-arc wedge (Ψ) and the obliquity of plate convergence (γ) (see Figure 2 for the definition of these angles). Where subduction zones are obliquely convergent but not partitioned, Ψ = γ and slip vector azimuths are parallel to the local plate convergence direction. Where decoupling is complete, Ψ = 0 and trench-parallel convergence is completely accommodated by the upper plate strike-slip fault. Assuming a uniform plate convergence azimuth of 003°, McCaffrey [1992] proposed that binned earthquake data from Sumatra are consistent with an onset of slip partitioning at a critical convergence obliquity of~20°and that the underthrusting obliquity attains a maximum value (Ψ max ) between 15 and 25°. A plot of Ψ versus γ from GCMT focal mechanisms of fore-arc thrust earthquakes that occurred between 1976 and 2013 shows a significantly different pattern (Figure 12 ). We estimate the slab dip direction and slip vector azimuth from each focal mechanism and calculate the plate convergence direction using the previously discussed hybrid model that smoothly transitions from Australia-Sunda to India-Sunda plate motion (Figure 2a ). The scatter of Ψ arises primarily from local variations in the dip direction of the Sunda megathrust. Most Sumatran earthquakes with Ψ < 0°occur between 2 and 4°N, where the strike of the megathrust rotates westward and the sense of underthrusting obliquity reverses.
Earthquakes from the Java fore-arc fall near the Ψ = γ line, indicating a lack of slip partitioning along this part of the margin where convergence is nearly normal. Interestingly, some earthquakes have Ψ > γ, indicating that underthrusting is less oblique than plate convergence. This could be evidence for a component of left-lateral strike-slip motion of the Java fore arc relative to Sunda, possibly accommodated by active slip along the Cimandiri-Lembang-Baribis fault system [Abidin et al., 2009] . Earthquakes from the Sumatran fore arc define a linear trend with a slope of 1 that is shifted from the Ψ = γ trend. This shift can be explained by rigid motion of a fore-arc sliver, which would not affect the plate convergence direction or the slab dip (or, therefore, γ) but would reduce Ψ by a similar value for all earthquakes. The~18°shift in Ψ is consistent with an average velocity of the fore-arc block relative to Sunda of~16 mm/yr, and the clear separation between Sumatra and Java fore-arc earthquakes points to a sudden initiation of slip partitioning within the Sunda Strait. In contrast with previous interpretations, we find that Ψ does not attain a clear maximum value, and nowhere along the Sumatran margin does Ψ = γ.
Fore-Arc Rheology and Fault Strength
The existence of a rigid fore-arc block separated from Sunda by a plate boundary transform fault has broad implications on how we understand the active tectonics of the Sumatran margin as well as its overall tectonic evolution. Previous interpretations of trench-parallel fore-arc stretching or broadly distributed fore-arc transpression [McCaffrey, 1992; Tikoff and Teyssier, 1994] inferred that a significant amount of the strain accumulated on the Sunda megathrust was released by permanent and diffuse upper plate deformation. This would effectively reduce the long-term rate of seismic moment release by megathrust earthquakes. In the absence of geological evidence for widespread permanent deformation of the fore-arc crust, we instead infer that the elastic strain accumulated within the fore-arc crust during the earthquake cycle is ultimately released by rupture of the megathrust.
Because the Sunda megathrust and Sumatran Fault together accommodate nearly the full budget of oblique plate convergence, the Mentawai Fault and other steeply dipping, trench-parallel fore-arc faults do not have Figure 11 . (a) Comparison of reliable Sumatran Fault geological slip rates [Hickman et al., 2004; Ito et al., 2012;  this study] with the predicted slip rate variation estimated from block modeling and a local frictional balance model. The geological and geodetic slip rates are most compatible with a uniform slip rate model, implying that the Sumatran fore arc has not undergone significant trench-parallel stretching during at least the last 100 kyr. (b) Map view of plate convergence vectors derived from a five-block model and reliable Sumatran Fault slip rate estimates. Note the lack of convergence or divergence near the trench of the velocity field of the oceanic lithosphere relative to Sunda.
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Previous force balance analyses assumed that the lower plate does not deform, except by bending at the slab hinge zone and that the degree of slip partitioning (as reflected in a critical obliquity of underthrusting beneath the fore arc) therefore reflects the relative frictional properties of the subduction megathrust and the upper plate strike-slip fault [McCaffrey, 1992; Platt, 2000] . However, the clear evidence for internal shortening of the Wharton Basin lithosphere and the lack of clear evidence for stretching of the Sumatran fore arc indicate that lower plate deformation is a dominant factor in this slip partitioning system.
If the distributed internal deformation of the Wharton Basin lithosphere is driven purely by far-field stresses transmitted from the Indian collision zone and the Banda subducting slab [Cloetingh and Wortel, 1985; Delescluse et al., 2012; Gordon and Houseman, 2015] , then it is simply a coincidence that the forces imposed on the base of the Sumatran fore arc closely match the primary condition for the existence of a coherent fore-arc block: a low degree of divergence of the direction of frictional underthrusting. In this scenario, the base of the fore arc is not subjected to a strong lateral stress gradient, and the sliver can be viewed either as a rigid block or as a plastic wedge that would deform internally if only it were properly stressed. The~15-16 mm/yr slip rate of the Sumatran Fault is then a product of regional plate motions and does not reflect a limiting mechanical property of the slip partitioning system. Alternatively, if mechanical interactions of the slip partitioning system work to reduce the divergence of plate convergence velocity vectors beneath the fore arc, then lateral stresses are imposed on the subducting slab through frictional megathrust coupling at the base of the fore arc that help drive compressive deformation of the lower plate. This mechanism could explain why the strongest internal deformation of the Wharton Basin, as evidenced by seismicity as well as regional deformation modeling [Gordon and Houseman, 2015] coincides with the area just offshore of the mobile Sumatran fore arc (Figure 2) . In this study, we adopted a simplified description of the overall kinematics in order to better understand the deformation of the Sumatran fore arc; it is likely that a more complex modeling approach that incorporates more realistic geological structures that are consistent with the seismicity and long-term deformation of the Wharton Basin oceanic lithosphere will be required to better understand the physical mechanisms that link slip partitioning and diffuse intraplate deformation.
Conclusions
Geological slip rate measurements from the Sumatran Fault, geodetic measurements of fore-arc deformation during the last seismic cycle, and regional plate motions are all consistent with a rigid fore-arc sliver block separated from Sunda by the Sumatran Fault. This plate boundary fault system accumulates dextral strike-slip Figure 12 . The relationship between convergence obliquity (γ) and underthrusting obliquity (Ψ) in Sumatra, estimated from GCMT focal mechanisms and an assumed hybrid plate model that accounts for Australia-India convergence (Figure 2a ). Ψ = 0: theoretical trend for a completely decoupled margin. Ψ = γ: theoretical trend for a completely coupled margin with no slip partitioning and no scatter in Ψ due to structural complexity of the megathrust. Ψ = Ψ max : trend proposed by McCaffrey [1992] for Sumatra based on binned earthquake data, suggesting a physical limit on underthrusting obliquity. Ψ = γ À 18°: general trend of Sumatran fore-arc earthquakes that is consistent with an obliquely coupled megathrust and trench-parallel motion of a rigid fore-arc sliver block. Ψ = γ + 7°: general trend of Java fore-arc earthquakes that may arise from active left-lateral strike-slip faulting in Java.
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displacement at an average rate of~15-16 mm/yr along much of its length. Geodetic measurements of fore-arc strain accumulation indicate that oblique underthrusting beneath the fore arc contributes up to 40% of the trench-parallel component of interseismic GPS velocity. Slip partitioning in Sumatra represents an interplay between not only the frictional properties of the Sumatran Fault and the Sunda megathrust (and the rheology of the fore-arc crust) but also the complex and poorly understood set of active highangle faults within the downgoing plate (and the rheology of the Wharton Basin oceanic lithosphere).
